Attorney Docket No. 017575.0854 PATENT APPLICATION 



Certificate of Mailing via Express Mail 

Pursuant to 37 C.F.R. 1.10, I hereby certify that I have 
knowledge and a reasonable basis for belief that this 
correspondence is being deposited with the united states postal 
Service as Express Mail Post Office to Addressee on the date 
indicated below and is addressed to: 

MAIL STOP PATENT APPLICATION 

Honorable Commissioner for Patents 

P.O. BOX 1450 

Alexandria, VA 22313-1450 



IE Ci^ments 



07 Qt'2Q^^ 



Julie O 

DATE OF MAILING: 
EXPRESS MAIL LABEL: 



07/01/2003 

07/01/2003 
EV337980975US 



CONTINUATION PATENT APPLICATION FOR LETTERS PATENT 



FOR 



METHOD FOR CONVERTING NATURAL GAS TO OLEFINS 



Inventors: 



Kenneth R. Hall, Jerry A. Bullin, Philip T. Eubank, 
Aydin Akgerman and Ra yford G. Anthony 



Assignee: 



The Texas A&M University System 
College Station, Texas 



Attorney Contact: 



Claude E. Cooke, Jr., Reg. No. 34,142 
OF Baker Botts L.L.P. (023640) 



Attorney Docket No.: 017575.0854 



HOU03:919563 



Attorney Docket No. 017575.0854 PATENT APPLICATION 

METHOD FOR CONVERTING NATURAL GAS TO OLEFINS 

Related AppUcations 

[0001] This application is a continuation patent application of, and claims priority to, 

commonly owned co-pending patent application U.S.S.N. 09/803,122, filed March 9, 2001, 
entitled, "Method for Converting Natural Gas to Liquid Hydrocarbons," by Hall et al., which 
itself is a continuation-in-part of commonly owned U.S. Patent Number 6,323,247, Bl, which 
issued on November 27, 2000 and is entitied, "Method for Converting Natural Gas to Liquid 
Hydrocarbons," by Hall, et al., which itself is a continuation of conmionly owned U. S. Patent 
Number 6,130,260, which issued on October 10, 2000 and is entitied, "Metiiod for Converting 
Natural Gas to Liquid Hydrocarbons," by Hall, et al., all of which are assigned to the assignee of 
the present patent application, and all of which are incorporated by reference herein for all 
purposes. 

Field of the Invention 

[0002] This invention pertains to conversion of natural gas to hydrocarbon liquids. More 

particularly, natural gas is converted to reactive hydrocarbons and the reactive hydrocarbons are 
reacted witii additional natural gas to form hydrocarbon liquids. 

Background of the Invention 
[0003] Natural gas often contains about 60-100 mole per cent metiiane, the balance being 

primarily heavier alkanes. Alkanes of increasing carbon number are normally present in 
decreasing amounts. Carbon dioxide, nitrogen, and other gases may be present. 
[0004] Conversion of natural gas into hydrocarbon Uquids has been a technological goal 

for many years. The goal has become even more important in recent years as more natural gas 
has been found in remote locations, where gas pipelines may not be economically justified. A 
significant portion of the world reserves of natural gas occurs in such remote regions. While 
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liquefied natural gas (LNG) and methanol projects have long attracted attention by making 
possible conversion of natural gas to a Hquid, in recent years the advent of large scale projects 
based upon Fisher-Tropsch (F-T) technology have attracted more attention. A review of 
proposed and existing F-T projects along with a discussion of economics of the projects has 
recently been published (Oil and Gas J., Sept. 21 and Sept 28, 1998). In this technology, natural 
gas is first converted to "syngas," which is a mixture of carbon monoxide and hydrogen, and the 
syngas is converted to liquid paraffinic and olefinic hydrocarbons of varying chain lengths. The 
F-T technology was developed for using coal as a feed stock, and only two plants now operate 
using natural gas as feedstock — in South Africa and in Malaysia. A study showed that for a 
plant producing 45,000 bbls/day (BPD) of liquids in a U.S. location in 1993, investment costs 
would have been about $38,000 per BPD production (Oil and Gas J., Sept. 28, 1998, p. 99). 
Improved designs are said to lower investment cost to the range of $30,000 per BPD for a 20,000 
BPD facility. Such a plant would use about 180 MMSCFD of natural gas, 10 million GPD of 
raw water and 150 BPD of normal butane, and would produce excess steam, which could be used 
to produce 10 megawatts of electricity. 

[0005] The conversion of natural gas to unsaturated hydrocarbons and hydrogen by 

subjecting the hydrocarbons in natural gas to high temperatures produced by electromagnetic 
radiation or electrical discharges has been extensively studied. U.S. Patent 5,277,773 discloses a 
conversion process that subjects methane plus hydrocarbons to microwave radiation so as to 
produce an electric discharge in an electromagnetic field. U.S. Patent 5,131,993 discloses a 
method for cracking a hydrocarbon material in the presence of a microwave discharge plasma 
and a carrier gas, such as oxygen, hydrogen and nitrogen, and, generally, a catalyst. U.S. Patent 
3,389,189 is an example of patents relating to production of acetylene by an electric arc. 
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[0006] Methane pyrolysis to acetylene and hydrogen by rapid heating in a reaction zone 

and subsequent rapid quenching has also been extensively investigated. Subatmospheric 
pressures and specific ranges of velocities of hydrocarbon gases through the reaction zone are 
disclosed in U.S. Patent 3,156,733. Heat is supplied by burning of hydrocarbons. 
[0007] Although the prior art has disclosed a range of methods for forming acetylene or 

ethylene from natural gas, an energy-efficient process for converting natural gas to a Uquid that 
can be transported efficiently from remote areas to market areas has not been available. What is 
needed is a process that does not require large capital and operating expenditures such as 
required by the prior art processes. Also, the process should be energy efficient. 
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DescriDtion of the Figures 

[0008] Fig. 1 shows a process diagram for one embodiment of the process of this 

invention in which the natural gas is heated to reaction temperature by burning a portion of the 
natural gas in a furnace. 

[0009] Fig. 2 shows a process diagram of another embodiment of the process of this 

invention in which the natural gas is heated to reaction temperature by electrical energy produced 
by hydrogen and acetylene is reacted to ethylene prior to liquefaction. 

[0010] Fig. 3 shows a process diagram for one embodiment of the process of this 

invention in which the natural gas is heated to reaction temperature by burning of hydrogen in a 
fumace and acetylene is reacted to ethylene prior to liquefaction. 

[0011] Fig. 4 shows a process diagram for one embodiment of the process of this 

invention in which the natural gas is heated to reaction temperature by burning some of the 
natural gas in a fumace and acetylene is reacted to ethylene prior to liquefaction. 
[0012] Fig. 5 shows a process diagram for one embodiment of the process of this 

invention in which the natural gas is heated to reaction temperature by electrical energy produced 
by hydrogen and a portion of the natural gas. 

[0013] Fig. 6 shows a process diagram for one embodiment of the process of this 

invention in which the natural gas is heated to reaction temperature by burning a portion of the 
natural gas in a fumace. 
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Summary of the Invention 

[0014] A process for conversion of natural gas to a hydrocarbon liquid for transport from 

remote locations is provided. In one embodiment, the natural gas is heated to a temperature at 
which a fraction of the natural gas is converted to hydrogen and a reactive hydrocarbon such as 
acetylene or ethylene. The stream is then quenched to stop any further reactions and then reacted 
in the presence of a catalyst to form the liquid to be transported, predominantly naphtha or 
gasoUne. Hydrogen may be separated after quenching and before the catalytic reactor. Heat for 
raising the temperature of the natural gas stream is provided by buming of a portion of the 
natural gas feed stream. Hydrogen produced in the reaction is available for further refining or in 
generation of electricity by oxidation in a fuel cell or turbine. In another embodiment, heat 
produced from the fuel cell is used to generate additional electricity. In another embodiment, the 
acetylene portion of the reactive hydrocarbon is reacted with hydrogen to form ethylene prior to 
reacting to form the liquid to be transported. In another embodiment, hydrogen produced in the 
reaction is bumed to raise the temperature of the natural gas stream and the acetylene portion of 
the reactive hydrocarbon is reacted with hydrogen to form ethylene prior to reacting to form the 
Uquid to be transported. In still another embodiment, hydrogen produced in the process is used 
to generate electrical power, the electrical power used to heat the natural gas stream, and the 
acetylene portion of the reactive hydrocarbon stream is reacted with hydrogen to form ethylene 
prior to reacting to fomi the liquid to be transported. 

Description of Preferred Embodiments 
[0015] United States Patent 6,130,260 and application 09/574,510 filed May 19, 2000, 

are incorporated by reference herein. Fig. 1 shows one embodiment of the steps for producing a 
liquid product such as naphtha or gasoline from natural gas in the present invention. In this 
embodiment, a portion of the natural gas feed is diverted from the feed stream to the burners in 
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the combustion furnace 10, where the diverted natural gas is burned, preferably with oxygen- 
enriched, air such that NOx production from combustion furnace 10 is decreased. As shown in 
Fig. 1, inlet gas stream 12 is separated into inlet gas feed stream 14 and inlet gas bum stream 16. 
Inlet gas feed stream 14 is conveyed to the reaction chamber of combustion furnace 10. Inlet gas 
bum stream 16 is conveyed to the combustion chamber of combustion fumace 10. Inlet gas feed 
stream 14 is preferably pre-heated in pre-heaters (not shown) before it is heated to the preferred 
reaction temperature by heat exchange with the hydrocarbon-combustion gas. The flame 
temperature of inlet gas bum stream 16 should be adequate to reach a desired reaction 
temperature preferably between 1000 and 1800 K without oxygen enrichment of air, but 
sufficient enrichment can be easily achieved with membrane units, which are well known in the 
art, and this will avoid the necessity of NOx control in emissions from combustion fumace 10. 
Addition of water to the combustion zone of combustion fumace 10 may be used to lower flame 
temperature to a desired range, preferably about 300 to 500 K above the preferred reaction 
temperature of natural gas passing through tubes of combustion fumace 10. Residence time of 
gas in the tubes of combustion fumace 10 should be long enough to convert inlet gas feed stream 
14 to acetylene, ethylene, and other reactive compounds and not so long as to allow significant 
further reactions before the quenching step, which is discussed below. It is preferred to maintain 
the residence time to under 100 milliseconds, most preferably under 80 miUiseconds to minimize 
coke formation. Bringing the natural gas feed stream, for simplicity here considered methane 
only, to high temperature causes the following reaction to occur: 

2CH4->C2H6 + H2-^C2H4 + H2^C2H2+H2-^2C+H2. 

[0016] The desired products from this series of reactions are ethylene and acetylene. 

Suppression of the last reaction or last two reactions may be required to achieve the desired 
products. This may be accompUshed by such methods as adjusting the reaction temperature and 
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pressure, and/or quenching after a desired residence time. The desired hydrocarbon products of 
the reactions are designated herein as "reactive products." It is preferred to maintain the pressure 
of the natural gas within the reaction chamber of combustion furnace 10 to between 1 and 20 
bars to achieve the reactive products. The reactive products resulting from the reaction in 
combustion furnace 10 leave combustion furnace 10 through furnace outlet stream 18. 
[0017] In an alternative embodiment, shown in Fig. 3, natural gas is heated in high- 

temperature reactor 110 by means of electrical power that is produced by use of hydrogen in 
electrical power generator 50. Inlet gas stream 12 becomes inlet gas feed stream 14 and is 
directed to the reaction chamber of high temperature reactor 110. The electrical power may be 
produced by, for example, fuel cells powered by hydrogen or by a combined cycle gas or 
hydrogen gas turbine driving electrical generators. Water is also produced. Investment costs for 
fuel cell production of electrical power are high at present, but may be reduced by improved 
technology in the future. Combined cycle gas turbines are well known and at present produce 
electrical power at significantly lower capital costs per kW (approximately $ 385 per kW) than 
the capital costs of fuel cells (estimated at $3,000 per kW). In either case, the electrical power is 
used to increase the temperature of the natural gas stream entering high-temperature reactor 110. 
The high temperature may be produced from the electrical power by an electric arc or silent 
discharge between electrodes, using methods well known in the art. Alternatively, the high 
temperature may be produced by resistance heating of electrodes. In another alternative 
embodiment, a plasma may be formed in the natural gas stream using a plasma reactor, such as 
the "Plasmatron" sold by Praxair, Thermal Spray Systems, N670 Communication Drive, 
Appleton, WI 54915. Plasma temperatures are higher than the preferred temperature range for 
the gas reactions of this invention, so a more energy-efficient process may be achieved without 
bringing the natural gas to plasma temperature. The higher temperature produces extra 
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components in the product stream that require a great deal more energy and would make the 
process not as energy efficient. 

[0018] In another alternative embodiment, shown in Fig. 4, hydrogen separated from the 

reactive products, as described below, is directed to hydrogen combustion furnace 210, where the 
hydrogen is burned, preferably with oxygen-enriched air such that NOx production from 
hydrogen combustion furnace 210 is decreased. As further shown in Fig. 4, inlet gas stream 12 
becomes inlet gas feed stream 14 and is directed to reaction chamber of hydrogen combustion 
furnace 210. Flame temperature of hydrogen is adequate to reach a desired reaction temperature 
without oxygen enrichment of air, but sufficient enrichment can be easily achieved with 
membrane units, which are well known in the art, and this will avoid the necessity of NOx 
control in emissions from hydrogen combustion furnace 210. Addition of water to the 
combustion zone of hydrogen combustion furnace 210 may be used to lower flame temperature 
to a desired range, preferably about 300 to 500 K above the preferred reaction temperature of 
natural gas passing through tubes in hydrogen combustion furnace 210. 
[0019] The materials of construction of combustion furnace 10, high temperature reactor 

110, and hydrogen combustion furnace 210 are not standard. Specialty materials such as 
tungsten, tantalum or ceramics may be used. The temperature rise should occur in a short period 
of time. The furnaces may be of the double-radiant-section box-type as pictured in Fig. 19.5, p. 
681, of D. Q. Kern, Process Heat Transfer, McGraw-Hill Book Co., New York (1950). The 
furnace may use tantalum (Ta) or silicon/carbide tubing. Steam pressures will be low, about 6 
psig. Kinetic calculations indicate a suitable time for heating the natural gas to the reaction 
temperature is in the range from about 1 millisecond to about 100 milliseconds. To stop the 
reactions and prevent the reverse reactions or further reactions to form carbon and other 
hydrocarbon compounds, rapid cooling or "quenching" is essential, typically in 10 to 100 
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milliseconds. As shown in Fig. 1, furnace outlet stream 18 is directed to quench system 15. 
Quenched furnace outlet stream 18 exits quench system 15 through quench outlet stream 19. 
The quench in quench system 15 may be achieved by spraying water, oil, or liquid product into 
furnace outlet stream 18; "dumped" into water, natural gas feed, or liquid products; or expanded 
in a kinetic energy quench such as a Joule-Thompson expander, choke nozzle or turbo expander. 
This quench occurs in a similar fashion in high-temperature reactor 1 10 in Fig. 3, and hydrogen 
combustion fumace 210 in Fig. 4. 

[0020] Fumace outlet stream 18 is typically essentially one part alkene/alkyne mixture to 

three parts methane. In particular, "lean" natural gas, i.e., gas with 95% or greater methane 
reacts to mostly acetylene as a reactive product. Where the natural gas is lean, it is desirable to 
operate the fumace in the upper end of the desired range to achieve a higher content of alkynes, 
in particular acetylene. In contrast, in a richer stream, it may be desirable to operate at a 
temperature lower in the desirable range to achieve a higher content of alkenes, primarily 
ethylene. 

[0021] As shown in Fig.. 1 while the gas in fumace outlet stream 18 is still at a 

temperature above 500 K, but after quenching in quench system 15, a portion of the hydrogen in 
quench outlet stream 19 may be separated from the reactive hydrocarbon in hydrogen separator 
20. In an alternative embodiment, all of the hydrogen is directed to liquefaction reactor 30 
without the separator step of hydrogen separator 20. This separation step may be performed by 
any of a variety of processes, including membrane or pressure swing processes, described for 
example in: A. Malek and S. Farooq, "Hydrogen Purification from Refinery Fuel Gas by 
Pressure Swing Adsorption", AIChE J. 44, 1985 (1998). The hydrogen is removed from 
hydrogen gas separator 20 through hydrogen separator hydrogen stream 22. Hydrogen separator 
hydrogen stream 22 is composed primarily of hydrogen, but may also contain trace amounts of 
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the other components in furnace outlet stream 18. After removal of the a portion of the hydrogen 
in hydrogen gas separator 20, the remaining portion of quench outlet stream 19 is removed from 
hydrogen gas separator 20 through hydrogen separator outlet stream 26. 
[0022] As shown in Fig. 1, a portion of hydrogen separator hydrogen stream 26 may be 

recycled and combined with inlet gas stream 12 through recycle stream 49. Hydrogen separator 
hydrogen stream 22 may be used in any number of processes. In one embodiment of the present 
invention, as shown in Fig. 1, hydrogen separated in hydrogen separator 20 may be used to 
generate water and electricity by combining it with oxygen or by buming it with oxygen in a 
turbine in electrical generator 50. For fiiel cells, any fuel cell design that uses a hydrogen stream 
and an oxygen stream may be used, for example polymer electrolyte, alkaline, phosphoric acid, 
molten carbonate, and solid oxide fuel cells. Heat generated by the fiiel cell or turbine may be 
used to boil the water exiting the fuel cell, forming steam. This steam may be used to generate 
electricity, for instance in a steam turbine. This electricity may be sold, or as shown in Fig. 3, 
used to power high-temperature reactor 1 10. The heat generated by the fiiel cell or turbine may 
also be used in heat exchangers to raise the temperatures of streams in the process, such as in the 
preheaters. In an altemate embodiment, shown in Fig. 2, hydrogen separator outlet stream 22 
may be produced as a product. In still another ahemative embodiment, shown in Fig. 4, 
hydrogen separator recycle stream 22 is burned directly in hydrogen combustion furnace 210. 
As shown in Fig. 5, a portion of inlet gas stream 12 may be separated from inlet gas stream 12 
and routed through supplemental gas stream 16 to electrical generator 50. In this way, additional 
electrical power may be generated. As shown in Fig. 6, electrical generator 50 may be 
eliminated entirely so as to maximize hydrogen production. 

[0023] As further shown in Fig. 1, hydrogen separator outlet stream 26, which includes 

the reactive products, is conveyed from hydrogen separator 20 to Uquefaction reactor 30. 

HOU03:919563 



Attorney Docket No. 017575,0854 PATENT APPLICATION 

Liquefaction reactor 30 is a catalytic reactor that may include recycle and is designed to convert 
the reactive products to hydrocarbon liquids such as naphtha or gasoUne. The principal 
liquefaction reactions in liquefaction reactor 30 are as follows: 
for acetylene, 

nCH4-i-C2H2 = naphtha/gasoline + H2, 
and for ethylene, 

mCH4 + C2H4 = naphtha/gasoline + H2 . 
This reaction must be catalyzed to suppress the reaction of acetylene to benzene and to enhance 
the conversion to hydrocarbon liquids such as naphtha or gasoline, which is preferred for the 
method of this invention. 

[0024] Liquefaction reactor 30 shown in Fig. 1, should produce predominantly naphtha 

or gasoline, but may also produce some aromatic and cycUc compounds. The vapor pressure of 
naphtha or gasoline is about 1 bar at 40^C. Thus, it can be transported via truck or ship. Heavier 
hydrocarbons such as crude oil may be added to the produced liquid to reduce vapor pressure of 
a liquid to be transported. 

[0025] The reaction to produce naphtha or gasoline is thermodynamically favorable. The 

equilibrium thermodynamics for the reactions of acetylene and ethylene with methane are more 
favorable at low to moderate temperatures (300 - 1000 K). It is well known in the chemical 
industry that alkanes of ethane and higher can be converted to higher molecular weight 
hydrocarbons using acid catalysts, such as the zeolites H-ZSM-5 or Ultrastable Y (USY). 
Applicants have discovered that the amount of BrQenstead Acid sites on the catalyst should be 
maximized in comparison to the Lewis acid sites. This may be accompUshed by increasing the 
siUca to alumina ratio in the catalyst (Y Zeolites typically have Si/Al ratios of 2-8 whereas ZSM- 
5 typically has an Si/Al ratio of 15-30,000). Other alkylation catalysts are known in the chemical 
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industry. In the present invention, the reaction of acetylene and ethylene to benzene is 
suppressed and the reaction of these reactive hydrocarbons with methane is enhanced. Steam 
may be introduced into the reactor to achieve the desired conversion results. The preferred 
reactor conditions are temperatures in the range from about 300 to about 1000 K and pressure in 
the range from about 2 to about 30 bar. The products of the liquefaction reaction leave 
liquefaction reactor 30 through catalytic reactor outlet stream 32. 

[0026] As shown in Fig. 1, catalytic reactor outlet stream 32 may be sent to product 

separator 40. The primary purpose of product separator 40 is to separate the desired hydrocarbon 
liquid products from any lighter, primarily gaseous components that may remain after 
liquefaction. It should be understood that a cooling step may be considered a part of product 
separator 40 of Fig. 1. Cooling of the stream after the reaction may be necessary, depending 
upon the method of final separation and the optimum conditions for that separation. If the 
product separator 40 is simply a gas-liquid or flash separation, cooling may be necessary. 
Distillation, adsorption or absorption separation processes, including pressure-swing adsorption 
and membrane separation, may be used for the final separation. Any known hydrocarbon Uquid- 
gas separation processes may be used for product separator 40, which is considered a part of the 
catalytic reactor. The liquid hydrocarbons separated in product separator 40 are sent to storage or 
transport faciUties through product separation outlet stream 42. The primarily gaseous 
components separated in product separator 40, which may consist primarily of hydrogen may be 
sent through light gas recycle stream 44 to electrical generator 50 through recycle purge stream 
46, combined with reactor outlet stream 18 through light gas to reactor outlet stream 48, or a 
portion of recycle purge stream 46 may be sent to each. Alternatively, as shown in Fig, 4, Ught 
gas recycle stream 44 may be conveyed to hydrogen combustion furnace 210 for combustion 
rather than to a fiiel cell or turbine for conversion to electricity. 
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[0027] Note that processing steps may be added after liquefaction and before product 

separator 40 or, alternatively, after product separator 40, to convert the hydrocarbon liquids such 
as naphtha or gasoline or to heavier compounds such as diesel. 

[0028] In still another embodiment, as shown in Figs. 2, 3, and 6, quench outlet stream 

19 may be directed to hydrogenation reactor 310, where alkynes, primarily acetylene, may be 
converted into the preferred intermediate product, ethylene and other olefins, accordmg to 
general reaction (wherein the alkyne is acetylene): 

C2H2+H2~~^C2H4 

Traditional catalysts for conversion of alkynes to alkenes are used to convert acetylene to 
ethylene. These include nickel-boride, metallic palladium, and bimetallic catalysts such as 
palladium with a group lb metal (copper, silver or gold). Some natural gas feed streams 
contained trace amounts of sulfiir compounds that may act as a poison for the hydrogenation 
catalyst. In addition, incoming sulfiir compounds may react in the hydrogen combustion fiimace 
to form catalyst poisons, such as COS and H2S. It is preferable to remove or reduce the 
concentration of these catalyst poisons by means well known by those in the art, such as 
activated carbon or amine. 

[0029] The products of the reaction that occurs in hydrogenation reactor 310 are 

conveyed to hydrogen separator 20 through hydrogenation outlet stream 312. Because the 
conversion from acetylene to ethylene is not complete, hydrogenation outlet stream 312 contains 
both acetylene and ethylene, as well as hydrogen and some higher-molecular-weight alkynes and 
alkenes. In altemative embodiments, after leaving high temperature reactor 110 in Fig. 3 or 
hydrogen combustion fiimace 210 in Fig. 4, fiimace outlet stream 18 may be directed to 
hydrogen separator 20, bypassing hydrogenation reactor 310. 

[0030] In another alternate embodiment also shown in Figs. 2, 3, and 4, light gas recycle 
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stream 44 may be routed to secondary hydrogen separator 320. Like hydrogen separator 20, this 
separation step may be performed by any of a variety of processes, including membrane or 
pressure swing processes, described for example in: A. Malek and S. Farooq, "Hydrogen 
Purification fi-om Refinery Fuel Gas by Pressure Swing Adsorption", AIChE J. 44, 1985 (1998). 
As shown in Fig. 2, hydrogen removed during separation in secondary hydrogen separator 320 is 
removed through secondary hydrogen separator hydrogen stream 324. A portion of secondary 
hydrogen separator hydrogen stream 324 may be routed to electrical generator 50 through 
recycle purge stream 46. The remaining components of light gas recycle stream 44 exit 
secondary hydrogen separator 320 through secondary hydrogen separator outlet stream 322. A 
portion of secondary hydrogen separator outlet stream may be sent to electrical generator 50 
through secondary hydrogen separator purge stream 328. The remainder of hydrogen separator 
outlet stream 322 may be routed to the inlet of catalytic reactor 30 through hydrogen separator 
recycle stream 326. In another embodiment as shown in Fig. 3, secondary hydrogen separator 
hydrogen stream 324 is combined with hydrogen separator hydrogen stream 22 and sent to 
electrical generator 50. Secondary hydrogen separator outlet stream 322 is sent to the inlet of 
catalytic reactor 30. In another embodiment, shown in Fig. 4, secondary hydrogen separator 
hydrogen stream 324 is combined with hydrogen separator hydrogen stream 22 and sent to 
hydrogen combustion fumace 210. In Fig. 6, still another embodiment is shown where 
secondary hydrogen separator hydrogen stream is combined with hydrogen separator hydrogen 
stream 22 to maximize production of hydrogen. Secondary hydrogen separator 320 may be used 
in lieu, instead of in addition to, hydrogen separator 20. Catalytic reactor outlet stream 32 may 
also be directed to product separation 40 without the use of secondary hydrogen separator 320, as 
shown in Fig. 1 . 

[0031] Although the present invention has been described with reference to specific 
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details, it is not intended that such details should be regarded as limitations upon the scope of the 
invention, except as and to the extent that they are included in the accompanying claims. 
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